The objective of this study was to determine effects of drought on selected root growth parameters and develop relationships between root parameters and tuber yield for selected Jerusalem artichoke ( JA) genotypes. Three water regimes (Field capacity, 50% available soil water (AW) and 25% AW) and five JA varieties ( JA 60, JA 125, JA 5, JA 89 and HEL 65) were planted with factorial treatments in a randomized complete block design with four replications. Data on root dry weight (RDW) and root: shoot ratios (RSR) were measured manually. Root diameter (RD), root length (RL), root surface area (RSA) and root volume (RV) were collected at harvest. Drought tolerance indices (DTI) were calculated for all root parameters. Drought reduced all root parameters and DTI but increased RSR in JA 60, JA 125, JA 5, and HEL 65. JA 125 had high values for all root traits and DTI of these traits under drought stress. JA 60 had high DTI of RDW, RD and RSR under mild and severe water stress. JA 5 had high DTI of RDW, RD, RL, RSR and RV under drought conditions. JA 89 and HEL 65 performed well for RDW, RD, RL and low DTI of all root characteristics. DTI for root parameters were positively correlated with tuber dry weight under mild and severe water stress. The JA 5, JA 60 and JA 125 varieties showed high DTI for some root traits, indicating that better root parameters contributed to higher tuber yield under drought stress. 
Introduction
Jerusalem artichoke (Helianthus tuberosus L.) is a tuber crop containing inulin that can be used as raw material in many industries. Inulin can be used as soluble dietary fiber or sugar replacement for diabetes disease in the medicine industry, as a stabilizer in the pharmaceutical industry [1] and as raw material for biofuels [2, 3] . Jerusalem artichoke is a new crop that has the potential to be grown in temperate and tropical regions of the world.
Global warming may cause more severe and frequent droughts due to either decreased precipitation and/or increased evaporation [4] . Drought reduces productivity of agricultural crops including Jerusalem artichoke [5e10] . Yield loss of 20% under mild water stress has been reported [5, 6] and yield loss higher than 90% has been reported under severe drought stress [11] . Although drought problems can be alleviated by irrigation, management of irrigation systems is sometimes difficult in those geographical areas of the world where water resource are not either readily available or too expensive to maintain. The development and utilization of drought tolerant varieties would be ideal in these drought prone areas of the world.
The selection of Jerusalem artichoke for drought tolerance has primary been based on biomass production and tuber dry weight under drought stress conditions. In tropical regions of the world, JA 5 was reported as a drought tolerant variety with high tuber yield under drought stress conditions [11] . The progress in breeding for drought tolerance varieties has been slow because yield and related traits vary greatly, depending on ecological environmental conditions. A better understanding of some physiological mechanisms of drought resistance varieties should accelerate the progress in breeding for high tuber productivity under drought stress.
Drought tolerance may be enhanced by exploiting drought avoidance mechanisms such as the ability of roots to extract water from the soil. Root dry weight, root length, root: shoot ratio [12] , deep root and root length density [13e16] have been identified as drought-adaptive traits and they could be used as selection criteria for drought resistance traits. However, root characteristics of Jerusalem artichoke in responses to drought have not been clearly investigated. Therefore, the objective of this study was to determine the effects of drought on selected root growth parameters of Jerusalem artichoke and develop relationships between root growth parameters (characters) and tuber yield for selected drought resistance varieties of Jerusalem artichoke genotypes. The new scientific information from this research on the ability of root traits of selected Jerusalem artichoke genotypes contributing to high tuber yield under water stress are likely to reveal the avoidance mechanism and could result in the development of improved breeding strategies for drought tolerance in Jerusalem artichoke.
Materials and methods

Experimental design and treatments
Pot experiments were conducted at the Field Crop Research Station of Khon Kaen University located in Khon Kaen province, Thailand (16 28 0 N, 102 48 0 E, 200 m above mean sea level). The experimental treatments were arranged in a 3 Â 5 factorial experiment in randomized complete block design with four replications for each treatment and experiments were conducted for two years during May to September 2012 and May to September 2013. Factor A consisted of three water regimes including field capacity (FC), 50% available soil water (50% AW) and 25% available soil water (25% AW) and factor B included five Jerusalem artichoke varieties with different drought tolerance levels based on tuber yield under drought stress. The experimental unit consisted of 5 pots requiring a total of 300 pots for each experiment. The varieties JA 60 and JA 125 had low tuber yield, JA 5 had intermediate tuber yield and JA 89 and HEL 65 had high tuber dry weight under drought stress conditions [11] .
Preparation of plants and pot materials
Tubers with uniform size were cut into small pieces with 2e3 buds per piece. The tuber pieces were then pre-sprouted in charred rice husk with mixed trichoderma in the ratio of 3:1 by volume under ambient conditions for 4e7 days to control Sclerotium rolfsii. The sprouted tuber pieces were then transferred to germinating plug trays with mixed medium containing soil, charred rice husk and trichoderma (3:2:2) for 7 days to complete sprouting. Healthy and uniform seedlings were then transplanted to plastic pot containers (1 plant pot À1 ).
The plastic containers with 35 cm in diameters and 25 cm in height were then filled with 20 kg of dry soil which was separated into two layers to create uniform bulk density. The first soil fraction of 10 kg of dry soil was filled in the bottom of the container at 10 cm below the soil surface, and the second soil fraction of remaining 10 kg was filled to 5 cm below the top of the pot. The water tubes were installed at the middle of these soil fractions. One seedling was transplanted into each container. Wood vinegar obtained from slow pyrolysis of wood was sprayed on Jerusalem artichoke plants two times per week at the dilution of 5 cm 3 wood vinegar in a liter of water to control insects in the pots. Weeds were controlled manually after transplanting and fertilizer grade 15-15-15 was applied to each pot at the rate of 2 g per pot or 265 kg ha À1 at 15 days after transplanting (DAT).
Water management
Water was applied to each pot as per each water treatment and based on crop water requirements (ETcrop) [17] plus to meet the daily surface evaporation (S.E.) needs of pots [18] . Crop water requirements for each pot were calculated as per the requirements of experimental treatments and using the methods described by Ref. [17] :
where ETcrop is the crop water requirement (mm day À1 ), ETo is evapotranspiration of reference crop and kc is the coefficient of the crop at different growth stages. The crop coefficient (kc) of the Jerusalem artichoke was not found in literature, therefore, kc of sunflower was used [8, 10] . Surface evaporation (S.E.) was calculated as [18] :
S:E: ¼ bðE o =tÞ;
where S.E. is the soil evaporation (mm), b is the light transmission coefficient measured depending on crop cover, E o is the evaporation from class A pan (mm day À1 ), t is the days from the last irrigation.
To maintain a uniform water supply in the whole pot, the irrigation was divided into two fractions. Water was supplied to the soil fractions through the plastic tubes previously installed to the containers. At pre-transplanting, water was supplied to all pots and moisture level was maintained at FC (20.5% of soil moisture content) until 10 DAT for uniform establishment of the plants. Water treatments (20.5% of soil moisture content in FC, 13.9% of soil moisture content in 50% AW and 10.6% of soil moisture content in 25% AW) were imposed to the crop after 14 DAT and maintained uniformly with no more than 1% fluctuation until harvest.
The irrigation supplied to each pot was equal to the sum of water used by the crop and to meet the daily soil surface evaporation needs. The soil water status was also monitored by gravimetric method for soil moisture collection at 7-days interval. The added water irrigation was applied to each pot once a week for maintaining the level of soil moisture treatment.
Data collection
Meteorology conditions
Weather data for two years were recorded daily from transplanting until crop harvest by a weather station located 100 m away from the experimental field. Maximum temperatures, minimum temperature, daily pan evaporation and daily relative humidity were recorded at this experiment station (Fig. 1). 
Soil data
The data on soil texture and chemical properties were collected using ten randomly selected points in the field from where the whole soil was collected and mixed to create two sets of soil samples. The first set was analyzed for field capacity and permanent wilting percentage of soil for irrigation management. The second set was analyzed for the soil texture and the soil chemical properties including total N and available P, pH, organic matter, exchangeable K and Ca and cation exchange capacity.
Soil moisture contents were recorded by gravimetric method at 30, 60 and 90 DAT at the depth of 0e20 cm (Fig. 2) .
Plant data
Relative water content (RWC) in each experimental unit was measured at 30, 60 and 90 DAT to estimate plant water status. The second leaves from the top of the main stem the five plants in each experimental unit were bored by a disc borer with 1 cm 2 in leaf area. Saturated weight was determined by putting the leaf samples in water for 8 h, blot drying the outer surface, and then measuring leaf weight. The leaf samples were then oven-dried at 80 C for at least 72 h or until the leaf weights were constant. RWC was calculated as follows [19] :
RWC ¼ Fresh weight À Dry weight Saturated weight À Dry weight Â 100
The mature plants, which were determined by stem browning of 50%, were cut at the soil surface at harvest. The below ground parts of plants were then separated and washed with tap water to remove soil particles and then separated into tubers and roots. Ten percentage of mass fraction were then taken from the total root mass for further root characteristics including root diameter (mm), root surface (cm 2 plant À1 ), root length (cm plant À1 ) and root volume (cm 3 plant À1 ). Data on root characterization were analyzed using the WINRHIZO Pro2004a software. Roots (plus ten percentage mass fraction of roots) and tubers were then oven-dried at 80 C for at least 72 h or until the weights were found to be constant. Tuber dry weight (g plant
À1
) and root dry weight (plus ten percentage mass fraction of roots) (g) were recorded.
DTI was calculated for root characteristics (root surface, root length and root volume) using the relationship as follows: DTI ¼ Root characteristics under drought stress conditions Root characteristics under non À drought stress conditions
Statistical analysis
Individual analysis of variance was conducted for each root growth parameter or characteristics for each year according to randomize complete block design (RCBD) [20] and all calculations were done using STATISTIX8 software. Variances for all root growth parameters/characters were tested for homogeneity. Least significant difference (LSD) was used to compare means when the differences of main effects were significant (p 0.05). Correlation coefficients between DTI of root traits and tuber dry weight were calculated to determine their relationship between the parameters.
Results
Weather conditions
Maximum temperature (Tmax) and minimum temperature (Fig. 1b and d) . The relative humidity values were 60%e92.0% and 58%e95% in the first and second years, respectively ( Fig. 1b and d ).
Soil type, soil moisture contents, and plant water status
The soil used for this experiment was loamy sand in both years and characterized as having proportions of sand ranged from 80 to 81%, silt ranged from 15 to 18% and clay ranged from 2 to 4% ( Table 1 ). The soils had 0.59%e0.64% of organic matter, 0.02%e 0.03% of total nitrogen contents, 11.21e15.14 mg kg À1 of phosphorus and 69e70 mg kg À1 of potassium.
Soil moisture contents for FC, 50% AW and 25% AW at 30, 60 and 90 DAT in 2012 and 2013 are presented in Fig. 2 . The differences among water regimes were significant during the experiment periods for both years. The FC (19.5e21.1%) was the highest followed by 50% AW (12.3e14.6%) and 25% AW (9.6e10.8%), respectively. These results indicated that soil moisture content was adequately controlled and well managed during the entire duration of the experiment.
Water regimes were also significantly different for relative water content (RWC) at 30, 60 and 90 DAT in both years ( Fig. 3 ). The differences among water regimes in RWC were rather narrow compared to soil water contents, ranging between 88.5 and 91.7% under well-watered condition, 81.1e87.7% under mild water stress and 70.3e84.8% under severe water stress conditions in 2012. These results were also similar in 2013 and RWC values ranged between 80.2 and 88.7% under well-watered condition, 78.5e82.1% under mild water stress and 75.8e77.6%under severe water stress conditions.
Combined analysis of variance for water use and root traits (root growth parameters)
Combined analysis of variance indicated that differences between years (Y), among water regimes (W) and among varieties (V) were significant for water use (Table 2 ). There were also significant interactions between year and water regime (Y Â W), between year and variety (Y Â V), between water and variety (W Â V) and secondary levels interactions (Y Â W Â V) for water use. The interactions between the year and water regime, between year and variety and the secondary interaction contributed a small percent of sum of squares, therefore data on water use for two years were combined and presented together. A larger percent of sum of squares was contributed by water regime x variety, therefore, data on water use for each year and each water regime were analyzed and presented separately.
Combined analysis of variance showed that differences among water regimes (W) and among varieties (V) were significant for all root traits (characters) ( Table 2 ). However, the difference between years (Y) was significant for most root characters except for root dry weight, root surface area and total root volume.
The interactions between year and variety (Y Â V) were significant for root: shoot ratio, root length, root surface area and root volume. The interactions between water and variety (W Â V) were significant for most root characters except for root diameter. The secondary level interactions (Y Â W Â V) were also found to be significantly different for root shoot ratio, root length and root volume. Due to the significance difference between the year x variety as well as water regime x variety and the secondary interaction for root shoot ratio, root length, root surface area and root volume, data on root traits for each year and for each water regime were analyzed and presented separately.
Water use
The water use was highest under field capacity conditions, lower under mild water stress and lowest under severe drought stress (Table 3. ). The range in values of water use under well water was 60.06e65.07 L pot
À1
. Under mild water stress, the amount of water use ranged from 30.00 to 32.10 L pot
. Under severe water stress, the amount of water use ranged from 17.00 to 19.00 L pot
. In three water conditions, differences among Jerusalem artichoke genotypes were significant for water use. JA 125 showed the highest water use across the three water levels.
Root characters and drought tolerance index (DTI)
The results of this study showed that drought stress reduced root dry weight and root diameter ( Table 3) . Means of root dry weight were found to be equal to 8.58, 4.16 and 1.90 g plant À1 under well-watered, mild water stress and severe drought stress, respectively. Further, the drought tolerance index (DTI) for root dry weight was reduced by drought stress. Under mild water stress, DTI for root dry weight was 0.51 and it was lower under severe drought stress (0.25).
Means of root diameter were 0.35, 0.34 and 0.33 mm under well-watered, mild water stress and severe water stress, respectively. DTI for root diameter was also reduced by drought stress. DTI values were 0.99 and 0.95 under mild water stress and under severe water stress, respectively.
Severe drought stress (25% AW) increased root: shoot ratio (Table 4) 
Variability of root characteristics
Under well watered condition, differences among Jerusalem artichoke genotypes were significant for root dry weight and root diameter (Table 3) . Jerusalem artichoke genotypes could be classified into the group with high root dry weight and the group with low root dry weight. JA 89 and HEL 65 exhibited the highest root Numbers in the parentheses are percent (%) of sum squares to total sum of squares. ns, *,** Non significant, significant and highly significant at P 0.05 and 0.01 probability levels, respectively. dry weight and root diameter. In contrast, JA 5, JA 60 and JA 125 showed the lowest root dry weight and root diameter. Under mild water stress, JA 125 performed well as it had high root dry weight and DTI for root dry weight, whereas JA 5 and JA 60 had low root dry weight and high DTI of root dry weight. In contrast, JA 89 and HEL 65 were categorized into the group with high root dry weight and low DTI for root dry weight.
JA 125, JA 89 and HEL 65 had high root diameter and high DTI for root diameter, whereas JA 60 and JA 5 had low root diameter and high DTI of root diameter. However, the differences among five Jerusalem artichoke genotypes for root dry weight and root diameter under severe water stress were not significant.
Jerusalem artichoke genotypes responded differently for root: shoot ratio, root length, root surface and root volume under well watered conditions in both years (Table 4) . JA 89 and HEL 65 had high root: shoot ratio, root length, root surface area and root volume under well watered conditions in both years. JA 125 and JA 5 had low root: shoot ratio, root length, root surface and root volume under well watered conditions in both years. JA 60 had high, root length, root surface and root volume under well watered conditions in 2013 only.
Severe water stress increased root: shoot ratio in JA 60, JA 125 JA 5 and HEL 65 in both years, whereas JA 89 did not respond to drought for root: shoot ratio. JA 60 performed well for root: shoot ratio under mild and severe water stress conditions in both years. JA 125 also performed well under mild and severe water stresses as it had highest DTI of root: shoot ratio in both years, whereas JA 89 performed poorly as it had low DTI for root: shoot ratio in both years.
JA 125 performed well for root length under mild and severe water stress in both years as it had high root length and DTI of root length in both years. JA 125 and JA 5 had high DTI of root length under mild and severe water stress in both years but JA 89 and HEL 65 had rather low DTI of root length under mild and severe water stress in both years. JA 125 had high root surface and DTI for root surface under mild and severe water stresses in both years, whereas JA 89 and HEL 65 had high root surface but they had low DTI of root surface under mild and severe water stress in both years. JA 125 and JA 5 showed consistently high DTI for root volume under mild and severe water stress. JA 125 had also high root volume under mild and severe water stress in both years.
JA 125 had high root dry weight, root diameter, root: shoot ratio, root length, root surface, root volume across years, and values of DTI for these traits under mild and severe water stress were also high. JA 60 was identified as the genotype with high DTI of root dry weight, root diameter and root: shoot ratio under mild and severe water stress. JA 5 was identified as the genotype with high DTI of root dry weight, root diameter, root length, root surface and root volume under mild and severe water stress. JA 89 and HEL 65 performed well for root dry weigh, root diameter, root length and low DTI of all root characteristics. JA 125, JA 60 and JA 5 consistently performed well under drought stress by maintaining the ability to absorb water by having high DTI of some root traits.
Relationship between tuber dry weight and root characteristics
Tuber dry weight was positively correlated with DTI for root dry weight under severe water stress (r ¼ 0.95, P 0.05) and mild water stress (r ¼ 0.80, P > 0.05) (Fig. 4) .
The correlation coefficient between tuber dry weight and DTI for root: shoot ratio was significant under mild water stress (r ¼ 0.63, P 0.05) but not significant under severe water stress (r ¼ 0.41, Means in the same column with the same letter(s) are not significantly different by LSD at P 0.05. DTI for genotype was calculated by the ratio of stressed (50% available water (AW) or 25% AW)/non-stressed (field capacity; FC) conditions. P > 0.05) (Fig. 5a and b) .Positive correlations coefficients were observed between tuber dry weight with DTI for root length, DTI for root surface and DTI for root volume. Correlation coefficient (0.72, P 0.01) between tuber dry weight and DTI for root length was significant under severe water stress, but the correlation was not significant under mild water stress (0.51, P > 0.05) ( Fig. 5c and  d) .The correlation coefficients between tuber dry weight and DTI for root surface was positive and significant under severe water stress (0.72, P 0.01) ( Fig. 5e and f) .The correlation coefficients between tuber dry weight and DTI for root volume were not significant under mild water stress (r ¼ 0.59, P > 0.05) and under severe water stress (r ¼ 0.61, P > 0.05) (Fig. 5g and h ).
Discussion
How Jerusalem artichoke could maintain high tuber yield under drought stress has not been clearly understood. A better understanding on the mechanisms underlying high tuber yield under drought stress could lead to the success in breeding of Jerusalem artichoke for drought resistance. The information on the physiological traits related to drought avoidance mechanism that can maintain high water uptake and high tuber yield under drought has not been clearly investigated for Jerusalem artichoke. A better understanding on the root response of Jerusalem artichoke under drought stress should be useful for improving high tuber dry weight under water limited conditions. Drought resistance in crop may be enhanced by improving the extraction of water from the soil. Our study demonstrated that Jerusalem artichoke genotypes responded to drought to maintain high tuber dry weight under mild and severe soil moisture conditions. The results of this study also demonstrated the significant correlations between root traits and tuber weight under mild and severe drought conditions, indicating that roots are important in maintaining tuber yield in Jerusalem artichoke under drought conditions.
The interactions between year and variety for root: shoot ratio, root length, root surface area and root volume, though significant, were very small compared to main effects (water regime and variety). Low interactions indicated that the varieties performed rather consistently across years. The interactions between year and water regime were not significant for all of the root traits. This indicated that the effect of water regime was rather consistent across years. Low interaction level favors selection of better genotypes under both, non-stress or drought stress conditions. Greater variations in root dry weight, root: shoot ratio, root length, root surface, root volume and root diameter were found among varieties. These results clearly indicated that it is possible to select Jerusalem artichoke genotypes for better performance for these traits under differing levels of soil moisture.
The interaction between water regime and variety was significant for root dry weight, root: shoot ratio, root length, root surface and root volume. This revealed that those root traits were expressed under partially mild and severe water stress. Therefore, the selection for high root: shoot ratio of Jerusalem artichoke under severe water stress could be recommended. Likewise, differences for root length, root surface and root volume traits were expressed under mild water stress.
Drought increased root: shoot ratio but it reduced root dry weight, root diameter, root length, root surface area and root volume. Severe water stress resulted in greater reductions of those traits compared to mild water stress. These observations are in agreement with some previous studies. In sunflower, drought stress reduced root volume, total root length [21, 22] and root diameter [21] . Del-Rosario and Fajardo [23] found that root dry weight of peanut was reduced by drought but root: shoot ratio was increased. Nevertheless, the response for root dry weight to drought conditions occurred in some genotype which had low leaf water potential. In some drought tolerance varieties of tomato, drought (withholding water) increased root dry weight, root: shoot ratio and root length [12] . Songsri et al. [16] found that root length density in deeper subsoil level was increased in response to drought.
In this study, Jerusalem artichoke varieties responded differently for root traits under both mild water stress and severe water stress. Increase in root traits was related to tuber dry weight, indicating that roots contributed to high tuber yield under drought. The relationships between DTI of root trait and tuber yield in Jerusalem artichoke have not been reported previously. In peanut, Songsri et al. [16] found that the ability to maintain the percentage of root length density (DTI) was related to pod yield, DTI for pod yield and DTI for harvest index. The ability of peanut to maintain a viable root system during water stress may contribute to the crop's drought resistance [24] .
Jerusalem artichoke genotypes were classified into the group with high DTI values for root dry weight, root diameter, root: shoot ratio, root length, root surface area and root volume and the group with low DTI values for these traits. These Jerusalem artichoke genotypes were previously identified as drought tolerant varieties based on tuber yield, but their responses to drought based on root traits was not investigated. JA 125, JA 5 and JA 60 showed the highest DTI values for root parameters, and JA 89 and HEL 65 showed the lowest DTI values for root parameters.
JA 89 had the highest root dry weight but it had the lowest DTI values for root traits under mild water stress and severe water stress. In this genotype, the contribution of dry matter was partitioned to vegetative growth rather than harvestable organ. The sink competition between the harvestable part and the root sink should be considered when devising breeding strategies to improve drought resistance [25] . JA 125, JA 5 and JA 60 were classified as a group with high tuber dry weight under mild water stress, and JA 5 was identified as the drought tolerant genotypes under severe drought stress because it had the highest tuber dry weight under severe water stress. Some varieties had low means for root parameters but they had high DTI values for these parameters. The results indicated that Jerusalem artichoke varieties changed root growth patterns in response to drought to mine more water from drying soils, and, therefore, these varieties could maintain high tuber yield under drought.
Conclusion
Drought stress reduced root dry weight, root diameter, root length, root surface area, root volume, and DTI for these root characteristics in all Jerusalem artichoke varieties. Drought stress increased root: shoot ratio of JA 60 and JA 125 varieties. Tuber dry weight was positively correlated with DTI for root dry weight, root diameter, root: shoot ratio, root length, root surface and root volume under mild water stress and severe water stress. Variations in responses to drought for root traits were observed among Jerusalem artichoke genotypes. Based on DTI for root traits, JA 5, JA 60 and JA 125 were identified as the varieties with drought avoidance mechanism because these varieties could stabilize tuber yield and have the capability to absorb water under drought conditions. This mechanism might help Jerusalem artichoke to obtain higher tuber yields under drought conditions. Breeding for maintaining yield under water-limited conditions by the adaptation of root parameters may facilitate the development of improved Jerusalem artichoke varieties in specific water limited-environments.
